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We study an extension of the Inert Higgs Doublet Model (IHDM) by three copies of right handed
neutrinos and heavy charged leptons such that both the inert Higgs doublet and the heavy fermions
are odd under the Z2 symmetry of the model. The neutrino masses are generated at one loop
in the scotogenic fashion. Assuming the neutral scalar of the inert Higgs to be the dark matter
candidate, we particularly look into the region of parameter space where dark matter relic abundance
is primarily governed by the inert Higgs coupling with the leptons. This corresponds to tiny Higgs
portal coupling of dark matter as well as large mass splitting within different components of the
inert Higgs doublet suppressing the coannihilations. Such lepton portal couplings can still produce
the correct relic abundance even if the Higgs portal couplings are arbitrarily small. Such tiny Higgs
portal couplings may be responsible for suppressed dark matter nucleon cross section as well as
tiny invisible branching ratio of the standard model Higgs, to be probed at ongoing and future
experiments. We also briefly discuss the collider implications of such a scenario.
I. INTRODUCTION
The observational evidence suggesting the presence of dark matter (DM) in the Universe are irrefutable, with the
latest data from the Planck experiment [1] indicating that approximately 27% of the present Universe is composed of
dark matter. The observed abundance of DM is usually represented in terms of density parameter Ω as
ΩDMh
2 = 0.1187± 0.0017 (1)
where h = (Hubble Parameter)/100 is a parameter of order unity. In spite of astrophysical and cosmological evidences
confirming the presence of DM, the fundamental nature of DM is not yet known. Since none of the particles in the
Standard Model (SM) can fulfil the criteria of a DM candidate, several beyond Standard Model (BSM) proposals have
been put forward in the last few decades. Among them, the weakly interacting massive particle (WIMP) paradigm
is the most popular one. Such WIMP dark matter candidates can interact with the SM particles through weak
interactions and hence can be produced at the Large Hadron Collider (LHC) or can scatter off nuclei at dark matter
direct detection experiments like the ongoing LUX [2] and PandaX-II experiment [3].
Among different BSM proposals to incorporate dark matter, the inert Higgs doublet model (IHDM) [4–6] is one of
the simplest extensions of the SM with an additional scalar field transforming as doublet under SU(2) and having
hypercharge Y = 1, odd under an imposed Z2 discrete symmetry. As shown by the earlier works on IHDM, there
are typically two mass ranges of DM mass satisfying the correct relic abundance criteria: one below the W boson
mass and the other around 550 GeV or above. Among these, the low mass regime is particularly interesting due to
stronger direct detection bounds. For example, the latest data from the LUX experiment rules out DM-nucleon spin
independent cross section above around 2.2 × 10−46 cm2 for DM mass of around 50 GeV [2]. In this mass range, as
we discuss in details below, the tree level DM-SM interaction through the SM Higgs (h) portal is interesting as it can
simultaneously control the relic abundance as well as the DM-nucleon scattering cross section. In this mass range, only
a narrow region near the resonance mDM ≈ mh/2 is currently allowed by the LUX data. Though future DM direct
detection experiments will be able to probe this region further, it could also be true that the DM-Higgs interaction is
indeed too tiny to be observed at experiments. Such a tiny Higgs portal interaction will also be insufficient to produce
the correct relic abundance of DM in this low mass regime. This almost rules out the low mass regime of DM in
IHDM mDM / 70 GeV.
Here we consider a simple extension of IHDM by singlet leptons (both neutral and charged) odd under the Z2
symmetry such that the inert scalar dark matter can interact with the SM particles through these singlet leptons.
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2This new interaction through lepton portal can revive the low mass regime of inert scalar DM even if future direct
detection experiment rules out the Higgs portal interaction completely. The lepton portal interactions can also remain
unconstrained from the limits on DM-nucleon interactions. Such a scenario is particularly interesting if LHC finds
some signatures corresponding to the low mass regime of inert scalar DM while the direct detection continues to
give null results. The dominant lepton portal interactions can explain correct relic abundance, null results at direct
detection experiments and also give rise to interesting signatures at colliders. The neutral leptons added to IHDM can
also give rise to tiny neutrino masses at one-loop level through scotogenic fashion [12]. We discuss the constraints on
the model parameters from neutrino mass, DM constraints and also make some estimates of some interesting collider
signatures while comparing them with the pure IHDM.
This article is organised as follows. In section II, we discuss the IHDM and then consider the lepton portal extension
of it in section III. In section IV, we discuss the dark matter related studies followed by our collider estimates in section
V. We finally conclude in section VI.
II. INERT HIGGS DOUBLET MODEL
The inert Higgs Doublet Model (IHDM) [4–6] is an extension of the Standard Model (SM) by an additional Higgs
doublet Φ2 and a discrete Z2 symmetry under which all SM fields are even while Φ2 → −Φ2. This Z2 symmetry not
only prevents the coupling of SM fermions to Φ2 at renormalisable level but also forbids those terms in the scalar
potential which are linear or trilinear in Φ2. Therefore, the second Higgs doublet Φ2 can interact with the SM particles
only through its couplings to the SM Higgs doublet and the electroweak gauge bosons. The Z symmetry also prevents
the lightest component of Φ2 from decaying, making it stable on cosmological scale. If one of the neutral components
of Φ2 happen to be the lightest Z2 odd particle, then it can be a potential dark matter candidate. The scalar potential
of the model involving the SM Higgs doublet Φ1 and the inert doublet Φ2 can be written as
V (Φ1,Φ2) = µ
2
1|Φ1|2 + µ22|Φ2|2 +
λ1
2
|Φ1|4 + λ2
2
|Φ2|4 + λ3|Φ1|2|Φ2|2
+λ4|Φ†1Φ2|2 + {
λ5
2
(Φ†1Φ2)
2 + h.c.},
(2)
To ensure that none of the neutral components of the inert Higgs doublet acquire a non-zero vacuum expectation value
(vev), µ22 > 0 is assumed. This also prevents the Z2 symmetry from being spontaneously broken. The electroweak
symmetry breaking (EWSB) occurs due to the non-zero vev acquired by the neutral component of Φ1. After the
EWSB these two scalar doublets can be written in the following form in the unitary gauge.
Φ1 =
(
0
v+h√
2
)
,Φ2 =
(
H+
H+iA√
2
)
(3)
The masses of the physical scalars at tree level can be written as
m2h = λ1v
2,
m2H+ = µ
2
2 +
1
2
λ3v
2,
m2H = µ
2
2 +
1
2
(λ3 + λ4 + λ5)v
2 = m2H± +
1
2
(λ4 + λ5) v
2,
m2A = µ
2
2 +
1
2
(λ3 + λ4 − λ5)v2 = m2H± +
1
2
(λ4 − λ5) v2. (4)
Here mh is the SM like Higgs boson mass, mH ,mA are the masses of the CP even and CP odd scalars from the inert
doublet. Without loss of generality, we consider λ5 < 0, λ4 + λ5 < 0 so that the CP even scalar is the lightest Z2 odd
particle and hence a stable dark matter candidate.
The new scalar fields discussed above can be constrained from the LEP I precision measurement of the Z boson
decay width. In order to forbid the decay channel Z → HA, one arrives at the constraint mH + mA > mZ . In
addition to this, the LEP II constraints roughly rule out the triangular region [7]
mH < 80 GeV, mA < 100 GeV, mA −mH > 8 GeV
The LEP collider experiment data restrict the charged scalar mass to mH+ > 70 − 90 GeV [8]. The Run 1 ATLAS
dilepton limit is discussed in the context of IHDM in Ref.[9] taking into consideration of specific masses of charged
3Higgs. Another important restriction on mH+ comes from the electroweak precision data (EWPD). Since the contri-
bution of the additional doublet Φ2 to electroweak S parameter is always small [4], we only consider the contribution
to the electroweak T parameter here. The relevant contribution is given by [4]
∆T =
1
16pi2αv2
[F (mH+ ,mA) + F (mH+ ,mH)− F (mA,mH)] (5)
where
F (m1,m2) =
m21 +m
2
2
2
− m
2
1m
2
2
m21 −m22
ln
m21
m22
(6)
The EWPD constraint on ∆T is given as [10]
− 0.1 < ∆T + Th < 0.2 (7)
where Th ≈ − 38pi cos2 θW lnmhmZ is the SM Higgs contribution to the T parameter [11].
III. LEPTON PORTAL EXTENSIONS OF IHDM
As discussed in the introduction, considering lepton portal extensions of IHDM is very well motivated, specially from
the origin of neutrino mass, dark matter direct detections and other flavour physics observables in the lepton sector.
The inert Higgs doublet of the IHDM can couple to the SM leptons, if the model is suitably extended either by Z2
odd neutral Majorana fermions or by charged vector like leptons, none of which introduce any chiral anomalies. The
νi νjNk Nk
Φ2 Φ2
〈Φ1〉〈Φ1〉
FIG. 1: One-loop contribution to neutrino mass
addition of three copies of neutral heavy singlet fermions Ni, odd under the Z2 symmetry leads to the upgradation of
the IHDM to the scotogenic model [12]. Apart from providing another dark matter candidate in terms of the lightest
Ni, the model also can explain tiny neutrino masses at one loop level. The relevant interaction terms of these singlet
fermions can be written as
L ⊃MNNN +
(
Yij L¯iΦ˜2Nj + h.c.
)
. (8)
The Feynman diagram for such one loop neutrino mass is shown in figure 1. Using the expression from [12] of
one-loop neutrino mass
(mν)ij =
YikYjkMk
16pi2
(
m2R
m2R −M2k
ln
m2R
M2k
− m
2
I
m2I −M2k
ln
m2I
M2k
)
(9)
Here m2R,I = m
2
H,A are the masses of scalar and pseudo-scalar part of Φ
0
2 and Mk the mass of singlet fermion N in
the internal line. The index i, j = 1, 2, 3 runs over the three fermion generations as well as three copies of N . For
m2H +m
2
A ≈M2k , the above expression can be simply written as
(mν)ij ≈ λ5v
2
32pi2
YikYjk
Mk
=
m2A −m2H
32pi2
YikYjk
Mk
(10)
4In this model for the neutrino mass to match with experimentally observed limits (∼ 0.1 eV), very tiny Yukawa
couplings are required for the right handed neutrino mass of order of 1 TeV. Taking the mass difference mA −mH =
mH± −mH = 60 GeV, we show the constraints on neutral singlet fermion mass and corresponding Yukawa coupling
from correct neutrino mass requirement in figure 2. It can be seen that for low mass regime of DM, the neutrino mass
constraints force the Yukawa couplings to be smaller than 10−4, too small to have any impact on dark matter relic
abundance calculation, to be discussed below. These neutral fermions can also contribute to charged lepton flavour
violation (LFV) at one loop involving N,Φ±2 . The LFV processes like µ→ eγ remain suppressed in the SM due to the
smallness of neutrino masses. Such LFV decays like µ→ eγ are being searched for at experiments like MEG [13]. The
latest bound from the MEG collaboration is BR(µ→ eγ) < 4.2× 10−13 at 90% confidence level [13]. However, due to
small Yukawa couplings, as required by tiny neutrino mass constraints discussed above, keeps this new contribution
to µ→ eγ way below this latest experimental bound, as discussed in the recent works [14, 15].
Similar to neutral singlet fermions, one can also incorporate charged singlet leptons χL,R with hypercharge Y = 2
and odd under the Z2 symmetry. The relevant Lagrangian is
L ⊃Mχχ¯LχR + Yij L¯iΦ2χR + h.c. (11)
These leptons can contribute both to dark matter relic abundance as well as LFV decays mentioned above. Since the
corresponding Yukawa couplings are not restricted to be small from neutrino mass constraints, they can be sizeable
and hence play a non-trivial role in generating DM relic abundance as we discuss below. Such large Yukawa couplings
can however give a large contribution to LFV decays like µ → eγ, with χ,Φ02 in loop. As shown in a recent work
[16], the above MEG bound can constrain the product of two relevant Yukawa couplings to be below 10−9 for χ mass
around 100 GeV-1 TeV, too small to have any impact on DM relic abundance. These strict bounds from MEG can
however be evaded by choosing diagonal structure of singlet lepton mass matrix Mχ and relevant Yukawa coupling
Y . Such a structure can still have non-trivial impact on DM relic abundance, to be discussed below.
FIG. 2: Allowed model parameters for neutrino mass generation
IV. DARK MATTER
The relic abundance of a dark matter particle ψ which was in thermal equilibrium at some earlier epoch can be
calculated by solving the Boltzmann equation
dnψ
dt
+ 3Hnψ = −〈σv〉(n2ψ − (neqbψ )2) (12)
where nψ is the number density of the dark matter particle ψ and n
eqb
ψ is the number density when ψ was in thermal
equilibrium. H is the Hubble expansion rate of the Universe and 〈σv〉 is the thermally averaged annihilation cross
section of the dark matter particle ψ. In terms of partial wave expansion 〈σv〉 = a + bv2. Clearly, in the case of
thermal equilibrium nψ = n
eqb
ψ , the number density is decreasing only by the expansion rate H of the Universe. The
approximate analytical solution of the above Boltzmann equation gives [17, 18]
Ωψh
2 ≈ 1.04× 10
9xF
MPl
√
g∗(a+ 3b/xF )
(13)
5where xF = mψ/TF , TF is the freeze-out temperature, g∗ is the number of relativistic degrees of freedom at the time
of freeze-out and MPl ≈ 1019 GeV is the Planck mass. Here, xF can be calculated from the iterative relation
xF = ln
0.038gMPlmψ < σv >
g
1/2
∗ x
1/2
F
(14)
The expression for relic density also has a more simplified form given as [19]
Ωψh
2 ≈ 3× 10
−27cm3s−1
〈σv〉 (15)
The thermal averaged annihilation cross section 〈σv〉 is given by [20]
〈σv〉 = 1
8m4ψTK
2
2 (mψ/T )
∫ ∞
4m2ψ
σ(s− 4m2ψ)
√
sK1(
√
s/T )ds (16)
where Ki’s are modified Bessel functions of order i, mψ is the mass of Dark Matter particle and T is the temperature.
If we consider the neutral component of the scalar doublet Φ2 to be the dark matter candidate, the details of relic
abundance calculation is similar to the inert doublet model studied extensively in the literature [4, 6, 10, 12, 21–24].
In the low mass regime mH = mDM ≤MW , dark matter annihilation into the SM fermions through s-channel Higgs
mediation dominates over other channels. As pointed out by [25], the dark matter annihilationsHH →WW ∗ →Wff¯ ′
can also play a role in the mDM ≤ MW region. Also, depending on the mass differences mH+ −mH ,mA −mH , the
coannihilations of H,H+ and H,A can also play a role in generating the relic abundance of dark matter. The relic
abundance calculation incorporating these effects were studied by several groups in [26, 27]. Beyond the W boson
mass threshold, the annihilation channel of scalar doublet dark matter into W+W− pairs opens up suppressing the
relic abundance below what is observed by Planck experiment, unless the dark matter mass is heavier than around
500 GeV, depending on the DM-Higgs coupling. Apart from the usual annihilation channels of inert doublet dark
matter, in this model there is another interesting annihilation channel where dark matter annihilates into a pair of
neutrinos (charged leptons) through the heavy fermion Ni (χ) in the t-channel.
Apart from the relic abundance constraints from Planck experiment, there exists strict bounds on the dark matter
nucleon cross section from direct detection experiments like Xenon100 [28] and more recently LUX [2, 29]. For scalar
dark matter considered in this work, the relevant spin independent scattering cross section mediated by SM Higgs is
given as [4]
σSI =
λ2Lf
2
4pi
µ2m2n
m4hm
2
DM
(17)
where µ = mnmDM/(mn +mDM ) is the DM-nucleon reduced mass and λL = (λ3 + λ4 + λ5) is the quartic coupling
involved in DM-Higgs interaction. A recent estimate of the Higgs-nucleon coupling f gives f = 0.32 [30] although
the full range of allowed values is f = 0.26 − 0.63 [31]. The latest LUX bound [2] on σSI constrains the ηL-Higgs
coupling λ significantly, if ηL gives rise to most of the dark matter in the Universe. According to this latest bound,
at a dark matter mass of 50 GeV, dark matter nucleon scattering cross sections above 1.1× 10−46 cm2 are excluded
at 90% confidence level. Similar but slightly weaker bound has been reported by the PandaX-II experiment recently
[3]. We however include only the LUX bound in our analysis. One can also constrain the DM-Higgs coupling λ from
the latest LHC constraint on the invisible decay width of the SM Higgs boson. This constraint is applicable only for
dark matter mass mDM < mh/2. The invisible decay width is given by
Γ(h→ Invisible) = λ
2
Lv
2
64pimh
√
1− 4m2DM/m2h (18)
The latest ATLAS constraint on invisible Higgs decay is [32]
BR(h→ Invisible) = Γ(h→ Invisible)
Γ(h→ Invisible) + Γ(h→ SM) < 22%
As we will discuss below, this bound is weaker than the LUX 2016 bound.
It should be noted that, there can be sizeable DM-nucleon scattering cross section at one loop level as well, which
does not depend on the Higgs portal coupling discussed above. Even in the minimal IHDM such one loop scattering
can occur with charged scalar and electroweak gauge bosons in loop [33]. The contributions of such one loop scattering
can be kept even below future direct detection experiments like Xenon-1T by choosing large mass differences between
6the components of the inert scalar doublet [33]. Such large mass splittings also minimise the role of coannihilation
between different inert scalar components on the DM relic abundance. This is in the spirit of the present work’s
motivation, as the DM abundance is primarily determined by the lepton portal couplings, rather than gauge and
Higgs portal couplings. Another one loop scattering can occur, in principle, due to the exchange of photons or Z
boson. This is possible through an effective coupling of the form C∂µΦ02∂νΦ
0†
2 Fµν with C being the loop factor [34].
However, since we have broken the degeneracy of our complex DM candidate Φ02 and reduced it to one scalar and
pseudoscalar, we can avoid such one loop scattering by choosing a mass splitting. In fact, one requires a non-zero
mass splitting, at least greater than of the order of O(100 keV), typical kinetic energy of DM particles, in order to
avoid tree level inelastic scattering of DM off nuclei mediated by Z boson [35].
FIG. 3: Parameter space in the λL −mDM plane giving rise to dark matter relic abundance ΩDMh2 ≤ 0.1187 (left panel) and
ΩDMh
2 ∈ 0.1187± 0.0017 (right panel) in pure IHDM.
We implement the model in micrOMEGA 4.3.1 [36] to calculate the relic abundance of DM. We first reproduce the
known results in IHDM by considering the neutral scalar H to be the DM candidate having mass below the W boson
mass threshold. In the left panel of figure 3, we first show the parameter space of pure IHDM in λL−mDM plane that
satisfies the condition ΩDMh2 ≤ 0.1187. We have taken both the mass difference mA−mH = mH±−mH = 60 GeV as
a typical benchmark value satisfying all other constraints. Such a large benchmark point reduces the coannihilation
effects and show the dependence of relic abundance on Higgs portal coupling λL in a visible manner.1 The blue region
in the left panel of 3 therefore indicates the parameter space where the DM annihilation is either just enough or more
than the required one to produce the correct relic abundance. Therefore, considering the additional lepton portal
couplings for such values of λL will further suppress the relic abundance. Therefore, we choose benchmark values of
λL −mDM for our next analysis, from that region of this plot which overproduces the DM in pure IDM, so that an
efficient lepton portal annihilation can bring down the relic abundance to the observed range. In the right panel of
figure 3, we further impose the relic abundance criteria ΩDMh2 ∈ 0.1187±0.0017 which reduces the number of allowed
points significantly from the one in the left panel. In both the plots we also show the LUX 2016 exclusion line based
on the upper bound on DM nucleon scattering cross section. We also show the LHC limit on Higgs invisible decay
width which remains weaker than the LUX 2016 bound. The tiny allowed region near mDM ≈ mh/2 corresponds to
the s-channel resonance mediated by the SM Higgs while the allowed region of mDM close to W boson mass threshold
corresponds to the dominance of DM annihilation into three body SM final states mentioned above.
After reproducing the known results of IHDM in the low mass regime for a benchmark value of mass splitting,
we calculate the DM relic abundance by incorporating the Z2 odd heavy leptons. In figure 4, we show the effect of
vector like neutral heavy leptons on relic abundance. To make DM annihilations through lepton portal more efficient,
we choose the Higgs portal coupling to be very small λL = 0.0001 and also keep both the mass splitting within the
components of the inert scalar doublet as 60 GeV like before. In the left panel of figure 4, the effect of heavy neutral
fermion mass on the relic abundance is shown for a fixed value of Yukawa coupling Y = 0.2. In the right panel of
figure 4, the effect of lepton portal Yukawa couplings on DM relic abundance is shown for fixed value of heavy neutral
fermion mass MN = 1000 GeV. From both these panels of figure 4, it is clear that the leptonic portal can play a
non-trivial role in generating the DM relic abundance. While the benchmark values of Higgs portal coupling and
1 We have not considered low mass differences in this work as that will make the coannihilations more efficient reducing the dependence of
relic abundance on Higgs or lepton portal couplings and here our main motivation is to show the importance of lepton portal couplings.
7FIG. 4: Effect of lepton portal couplings on dark matter relic abundance, for specific dark matter Higgs coupling λL. Left :
Relic density vs. mDM for different MN with fixed Y=0.2. Right : Relic density vs. mDM for different Y with fixed MN=1000
GeV.
FIG. 5: Parameter space in the Y −mDM plane giving rise to the correct dark matter relic abundance with 3σ range for specific
choice of λL = 0.0001 and Mχ = 100 GeV. Left : nonzero off-diagonal Yukawa coupling scenario, Right : Diagonal Yukawa
coupling scenario.
mass splitting chosen above produce correct DM abundance only for two different masses, the introduction of lepton
portal can result in new allowed region of DM masses. As expected, the maximum effect of lepton portal on DM relic
abundance occurs for smaller values of heavy lepton mass or equivalently large values of Yukawa couplings. Since
neutral heavy fermion couplings with SM leptons are required to be tiny from neutrino mass constraints as can be
seen from figure 2, we consider only the effect of heavy charged leptons on DM relic abundance. The effect of charged
lepton portal on DM relic abundance will be similar to that of neutral case discussed above.
After showing the effect of lepton portal on DM relic abundance for specific values of Yukawa and heavy neutral
fermion masses, we do a general scan of these two parameters from the requirement of generating correct abundance.
Since neutral heavy fermion portal is not efficient after neutrino mass constraints are incorporated, we do the general
scan only for charged heavy lepton portal here. In figure 5, we show the allowed parameter space satisfying relic
density in the Y −mDM plane for a benchmark point of IHDM parameters like before and taking the heavy charged
fermion mass to be 100 GeV. The left panel of 5 considers the lepton portal couplings to be of general non-diagonal
type while the right panel considers the couplings to be diagonal. As discussed before, such diagonal couplings will
evade the constraints from LFV decay. Since a diagonal structure of Yukawa couplings reduces the total number of
annihilation channels, one requires larger values of Yukawa couplings to produce the correct relic abundance, compared
to the ones in the non-diagonal case. In figure 6, we show the allowed parameter space in Y −Mχ plane for two
specific dark matter masses mDM = 55, 65 GeV with general non-diagonal Yukawa couplings. The corresponding
result for diagonal Yukawa couplings are shown in figure 7. It should be noted that these two benchmark values of
DM masses in pure IHDM can not give rise to correct relic abundance for small values of Higgs portal couplings as
seen from figure 3. However, after allowing the lepton portal couplings, we can generate correct relic abundance for
such values of DM masses which remain disallowed in the pure IHDM.
8FIG. 6: Parameter space in the Y −Mχ plane giving rise to the correct dark matter relic abundance with 3σ range for specific
choice of λL = 0.0001 and mDM for nonzero off-diagonal Yukawa coupling scenario. Left : for mDM=55 GeV, Right : for
mDM=65 GeV.
FIG. 7: Parameter space in the Y −Mχ plane giving rise to the correct dark matter relic abundance with 3σ range for specific
choice of λL = 0.0001 and mDM for Diagonal Yukawa coupling scenario. Left : for mDM=55 GeV, Right : for mDM=65 GeV.
V. COLLIDER IMPLICATIONS
In pure IHDM, the pseudoscalar A can decay into Z and H whereas H± can decay to either W±H or W±A. When
mH± is close to mA, then the first decay mode of H± almost dominates. Depending upon the decay mode of W± and
Z, we have either pure leptonic plus missing transverse energy (MET) or hadronic plus MET or mixed final states
from pair production of the inert scalars. Earlier studies in the IHDM [37–39] focussed on pair production of inert
scalars and their decays into leptons and MET. In another recent work [40], the authors studied dijet plus MET final
states in the context of IHDM at LHC. The dilepton plus dijet plus MET and trilepton plus MET final states have
also been studied in a recent work [41]. The 8 TeV constraints and 13 TeV projection from monojet plus MET are
discussed in another work [42].
In the presence of both Z2 odd neutral and charged vector like leptons, additional channels open up. For example,
now H± can decay to χ± νi or Ni l±. Similarly, A can decay into l± χ∓ or Ni ν¯i. Since neutrino mass constraints
push the mass of neutral leptons typically to the order of TeV range, both H± and A will mainly decay through
charged vector like leptons (VLL) χ±. Then χ± will further decay into l±H. One can find earlier studies in the
context of vector like leptons in references [43–47]. To highlight the difference in collider signatures with comparison
to pure IHDM, we have considered a few benchmark points. We choose the following benchmark points all of which
correspond to the fixed values of mh = 125 GeV, λL = 0.0001 , λ2 = 0.1, MN=1000 GeV, Y=0.001.
BP1: mH = 55 GeV, mH+ = mA = 115 GeV, Mχ=100 GeV, Yii=1.5
9BP2: mH = 65 GeV, mH+ = mA = 125 GeV, Mχ=100 GeV, Yii=1.5
BP3: mH = 65 GeV, mH+ = mA = 200 GeV, Mχ=150 GeV, Yii=2.0
BP4: mH = 65 GeV, mH+ = mA = 300 GeV, Mχ=150 GeV, Yii=2.0.
In table I, we have listed the parton level cross sections for final states that contribute to dilepton+MET final states
at detector level in both IHDM and IHDM+VLL models for the above benchmark points. It should be noted that
for BP1 and BP2, H± will go through off-shell decay that is, H± →W ∗±H with W ∗± decaying leptonically in pure
IHDM case due to limited phase space availability. But for BP3 and BP4, H± will go through on-shell decay that is,
H± → W±H with W± decaying leptonically in pure IHDM case. In IHDM+VLL model, H± will decay to χ± that
is, H± → χ± νl with χ± further decaying into l±H. It is clearly evident from this table that we have enhancement
of the cross section in IHDM+VLL due to opening of new decay modes of H±. We must highlight one point that it
is very difficult to probe heavier charged Higgs mass (like the ones in BP3 and BP4) in pure IHDM case due to small
cross section. But in the IHDM+VLL model discussed here, we have sufficient cross section to probe these heavier
masses of charged Higgs. Apart from the channels listed in table I, there is another process which contributes to
dilepton plus MET final states that is χ+χ− production with χ± decays to l±H. So as a whole, the dilepton plus
MET final state will be an important collider signature to probe the modified IHDM that we discussed in this article.
This inspires us to do a full signal versus background study at detector level which we will come up in a separate
work [48].
Benchmark σ(pp→ H+H− → 2l + 2ν + 2H)(in fb)
Points IHDM IHDM+VLL
BP1 8.1 126
BP2 6.1 93.5
BP3 1.7 13.8
BP4 0.3 2.1
TABLE I: The parton level cross section for final states that contribute to dilepton+MET final states at detector level in both
IHDM and IHDM+VLL models at the LHC (
√
s = 14 TeV) for different BPs considered.
VI. CONCLUSION
We have studied a very specific region of parameter space in IHDM where the Higgs portal coupling of DM is very
small, as suggested by null results in dark matter direct detection experiments so far. In the low mass regime of
DM that is mDM < MW , such small value of Higgs portal coupling λL may not be sufficient to produce the correct
relic abundance of DM except for a a few specific values of mDM . We then extend this model by heavy neutral and
charged leptons which are also odd under the Z2 symmetry of the IHDM. These heavy leptons can be motivating from
neutrino mass as well as LHC phenomenology point of view, apart from their role in producing the correct DM relic
abundance in those region of parameter space which can not produce correct relic in pure IHDM. The neutral heavy
fermions can generate tiny neutrino masses at one loop level via scotogenic mechanism, requiring the corresponding
Yukawa couplings to be small (< 10−4) for TeV scale heavy neutral fermion masses. This keeps the contribution
of neutral heavy leptons to DM abundance suppressed. The heavy charged fermion couplings to DM are however,
not constrained to be tiny from neutrino mass point of view and hence can be sizeable enough to play a role in DM
abundance. We show that the entire low mass regime of IHDM is allowed from relic abundance criteria if the lepton
portal parameters are suitably chosen. This does not affect the DM direct detection scattering rates as there are no
tree level or one loop couplings of DM with nuclei through leptons. The heavy leptons can also give rise to observable
LFV decay rates like µ → eγ as well as interesting collider signatures like dilepton plus missing energy. Although
for simplicity, we choose particular type of Yukawa structure which does not contribute to LFV decay rates, it is in
principle possible to choose some structure of the Yukawa couplings which can simultaneously produce correct DM
abundance as well as keep the decay rate of LFV decays like µ → eγ within experimental reach. We also show how
the lepton portal extension of IHDM enhances dilepton plus missing energy signals at the LHC, for chosen benchmark
points. There can also be lepton number violating signal like same sign dilepton plus dijet plus missing energy in this
model, but remain suppressed for the benchmark values chosen in our analysis.
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